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ABSTRACT

The research described in this dissertation consists of four major
areas. (1) sequence analysis of protamine 2 from Muroid rodents to identify
potentia zinc-binding domain(s) of protamine 2; (2) structural studies of the
protamine 2-zinc complex from Syrian Gold hamster sperm and spermatids
to elucidate the role of zinc during spermiogenesis; (3) structural studies of
an unique protamine 2-zinc complex from chinchilla sperm; and (4) Nuclear
Magnetic Resonance (NMR) studies of soluble complexes of hairpin
oligonucleotides with synthetic arginine-rich peptides or protamine 1
isolated from bull sperm. First, zinc was quantitated in spermatids and
sperm by Proton-Induced X-ray Emission (PIXE) to determine whether zinc
IS present in the early stages of spermiogenesis. The PIXE resultsrevealed
the zinc content varies proportionately with the amount of protamine 2 in
both spermatid and sperm nuclei. An exception was chinchilla sperm
containing twice the amount of protamine 2 than zinc. Further analyses by
PIXE and X-ray Absorption Spectroscopy (XAS) of zinc bound to
protamines isolated from hamster sperm confirmed the majority of the zinc
IS bound to protamine and identified the zinc ligands of protamine 2 in
hamster spermatids and sperm in vivo. These studies established that zincis
bound to the protamine 2 precursor in hamster spermatids and the
coordination of zinc by protamine 2 changes during spermiogeness.

Finally, the sequence analysis combined with the XAS results suggest that
the zinc-binding domain in protamine 2 resides in the amino-terminus.
Similar analyses of chinchilla sperm by XAS were performed to clarify the
unusual PIXE results and revealed that chinchilla has an atypica protamine



2-zinc structure.  Two protamine 2 molecul es coordinate one zinc atom,
forming homodimers that facilitate the binding of protamine 2 to DNA and
provide an organizational scheme that would accommodate the observed
species-specific protamine stoichiometry in mammalian sperm. Based on
these results, we propose the binding of zinc to protamine 2 molecules
stabilizes a dimerization domain in other mammalian sperm. Future
experiments will use the knowledge we gained of the interactions between
protamine 1 and DNA from the NMR studies to obtain structural data for the

DNA-protamine 2-zinc complex.



TABLE OF CONTENTS

A DS Al . .. I
ACKNOWIBAGEMENTS. .. ..ot e e e e Vi
9o o= 1o o A Vil
General INtrodUCLTION. .. ... e e e e e 1
Objective of StUAY...... o 7
Importance & Clinical Applications...........ccocvvii i e, 9
RE I ENCES. .. 11

Chapter One: A Comparative Sequence Analysis of Protamine 2 from

MUFOId ROGENES. ... ... e e e e e e e e 26
A DS ACE. . e 26
INEFOAUCTION. .. e e, 27
Materialsand Methods. ... e 31
RESUITS. .. e 36
DISCUSSION. .. et ettt et e e e e e e e e 46
ACKNOWIBAGEMENTS. .. ..ot e e e e e e aaas 57
RE I ENCES. .. 57

Chapter Two: In Vivo Analysis of the Zinc-Binding Domain of Hamster

Protamine 2 During SpermiogeneSiS. .. ....u e v vie et eneeeenaennes 65
N 015 = o P 65
INErOTUCHION. .. ... e e e e e e e 66
Materialsand Methods. ..o 69
ReSUItS aNA DISCUSSION. .. ..t e e e e e e e 75
CONCIUSION. .. e e e e e e e 88
ACKNOWIBAGEMENTS. .. ..ot e e e e e e e e e e e e 90
REF I ONCES. ..o 90



Chapter Three: Characterization of an Atypical Protamine 2 |solated from

ChinChilla SPEIM. ... e e 96
ADSITaC. .. 96
INErOdUCTION. .. e e 97
Materialsand Methods. ... e 99
RESUITS. .. e 106
D1 ol U5 o o P 114
ACKNOWIBAGEMENTS. .. ..ot e e 121
REFEIENCES. ... e 121
Chapter Four: Structural and Functiona Studies of Syrian Gold Hamster
Protamines with Native ZincBound ............c.ccoooiiiiiii i, 129
ADSITACE. . e 129
INErOTUCTION. .. e e e e 130
Materialsand Methods...........cooo i 133
ReSUItS @Nd DISCUSSION ....viie i e e e e e 141
@0 o 11 o o P 149
ACKNOWIBAGEMENTS. .. ..ot e e e e e e 149
RE I ENCES. .. 149
Chapter Five: NMR Study of Protamine/DNA Complexes.................. 154
ADSITACE. . e 154
INErOTUCTION. ..o e e e 155
Materidlsand Methods. ... 161
ResUltS and DISCUSSION ......viieiie e e e e e e 164
CONCIUSION. .. e e e e e e e e et 176
ACKNOWIBAGEMENTS. .. ..o e 176
REFEIENCES. .. ..t 177



ACKNOWLEDGEMENTS

| would like to gratefully acknowledge the following individuals for
their valuable assistance throughout my graduate research. My advisors and
mentors, Dr. Rod Balhorn and Dr. Morton Bradbury, for the opportunity to
study the interdisciplinary area of protein structure. Thank you, Rod, for
encouraging me and exchanging ideas regarding my research anytime |
could catch you in your office! Shelley Corzett, for giving technical and
intellectual support beyond measure, taught me there is no such thing as a
“simple experiment”, and exemplifies true friendship. Don Hoffman, my
awesome Student-Employee Graduate Research Fellowship advocate! |
appreciate the efforts of my collaborators, Drs. Graham Bench, Katrina
Peariso, Larry Brewer and Monique Cosman - you made the project more
exciting because of your expertise and enthusiasm for science. Thank you to
my colleagues, friends, and the Student-Employee Graduate Research
Fellowship staff at Lawrence Livermore National Laboratory for their
tremendous support.

| am grateful to my parents, Virginia and Joseph Kramer, for
imparting the fun of learning and the importance of education to their

children - thank you, Mom and Dad!

Vi



| am immensely grateful for the grants and fellowships | was awarded
for the support of my research project: from the University of Davis,
California, the National Institute of Health Molecular & Cellular Biology
Training Grant, the Alexander and Henrietta Hollaender Institute
Fellowship, and the Floyd and Mary Schwall Fellowship; and from the
Lawrence Livermore National Laboratory, the Student-Employee Graduate
Research Fellowship.

Thiswork was performed at Lawrence Livermore National
L aboratory under the auspices of the U.S. Department of Energy under

contract W-7405 ENG-48.

DEDICATION

This dissertation is dedicated to my wonderful family who sacrificed
their time with me so | could complete this project. To my two beautiful
daughters, Hannah and Serena, | know there were mornings that you wanted
to stay in your jammies, but you went to school instead. | am very proud of
both of you. To my understanding husband, Christopher, who listened to
endless conversations about my research AND provided ideas! Thank you
for your sincere interest, encouragement, and sense of humor.

Wedid it!!!

Vil



GENERAL INTRODUCTION

Chromatin remodeling in mammalian sperm.

At the onset of spermatogenesisin the testes, proliferating diploid
spermatogoniain the epithelium of the seminiferous tubules enter one of
three pathways. remain as undifferentiated stem cells; differentiate to
Spermatozoa; or terminate by apoptosis (1). Each spermatogonia committed
to the differentiative pathway completes two meiotic divisions, producing
haploid spermatids that will differentiate into four mature sperm. During
this maturation phase of sperm, spermiogenesis, the haploid round
spermatids undergo complex morphological and biochemical modifications
that enable the successful transmission of the paternal genome to the next
generation.

The most notable of these nuclear modifications is the extensive
chromatin remodeling that occurs during mammalian spermiogenesis. The
supercoiled, nucleosomal chromatin of the haploid round spermatid is
eliminated in the elongated spermatid by the replacement of histones with
intermediary transition proteins, TP1 and TP2 (2-5). The mechanism of
histone removal from the sperm chromatin is unknown, but it is preceded by
chemical modifications of the highly conserved and accessible N-terminal

tails of the core histones. These modifications - phosphorylation,



acetylation, methylation, and ubiquitination — are initial events for
destabilizing the interactions between the histones and DNA aswell as
creating asignaling “code” to recruit the factors that participate in chromatin
remodeling during spermatogenesis (6-11). Additionally, the transition
proteins may also facilitate histone removal and repair the DNA strand
breaks that occur during chromatin remodeling, therefore contributing both
functional and structural roles in the exchange of chromatin proteinsin the
elongating spermatid nucleus (12,13).

Toward the end of spermiogenesis, protamines complete the dynamic
process of sperm chromatin remodeling by replacing the transition proteins.
The molecular events have yet to be elucidated, but protamines 1 and 2 also
utilize transient and reversible modifications to promote DNA binding, such
as phosphorylation, that decrease basicity and/or increase mass (14).
Protamines remain as the predominant nuclear protein in mammalian sperm,
condensing the sperm nucleus to 5% the volume of a somatic cell nucleus
(15-17). Thisextremely compact packaging unique to sperm nuclel is due to
the neutralization of the acidic DNA by the basic protamines, creating
polymers that form bundles held together by van der Waals forces, and
coiling the nucleoprotamine into 60nm toroids (18-22). One consequence of

the highly condensed packaging of DNA by protamine is that the majority of



transcription ceases (23). It has been proposed that this quiescent and highly
condensed sperm cell increases hydrodynamic efficiency crucial for sperm
motility and protects the DNA from mutagenesis and other damaging agents
(D).

The time-course of the sperm chromatin proteins binding to DNA has
been characterized by examining the developmental stages of the R.
norvegicus spermatid. Grimeset al. (24) used cell and nuclel separation
techniques to determine the stage-specific synthesis and binding of transition
proteins 1 and 2, protamine 1, and protamine 2 precursor during
spermiogenesis (25). These results indicated that histones were present in
step 1-8 spermatid nuclel, transition proteins 1 and 2 were present in steps
13-15, and protamine 1 and protamine 2 precursors were bound to DNA in
step 16-19 spermatids. Further refinement of the isolation of the stage-
specific rat spermatids demonstrated the sequential appearance of TP2 (steps
9-14) followed by TP1 (steps 12-15) with protamine 1 in spermatids steps
11-19 (26). Since the molecular events that occur during spermatogenesis
are evolutionarily conserved, it is not surprising that the order of appearance
of nuclear proteinsisidentical in human sperm (23). The analyses of human
spermatids by in situ hybridization and immunohistochemistry revealed that

protamines 1 and 2 were present in step 4-8 spermatid nuclei (27).



Regulation of protamine expression in mammalian sperm.

Protamine 1 is expressed in the mature spermatozoa of al mammalian
species whereas P2 expression is limited to the sperm nuclei of rodents and
primates (16,28-41). However, the P2 gene appears to be present in the
genome of all eutherian mammals. Restriction maps of the protamine genes
of human, mouse, rat and bull demonstrate that the protamine genes are
organized on achromosomal gene cluster with TP-2 (42-46). The presence
of this tandem array of protamine genes does not coincide with the level of
P2 expression, since the percentage of P2 varies between different genera
even in sperm that contain both protamines. Thus, while the gene cluster
contributes to the regulation of protamine expression by shared regulatory
factors, each geneisfurther regulated by its own specific controls, most of
which remain to be identified.

Both protamines are transcribed from a single copy gene and studies
using transgenic mice and in vitro transcription assays have identified a
number of the promoter sequences that regulate protamine gene expression
(47-49). Some of the factorsinvolved in the regulation of protamine gene
expression have been identified using gel mobility shift assays, although
regulation by the cAM P-response element modulator (CREM) is the best

characterized to date (49-51). During spermatogenesis, thereis a switch in



CREM gene expression from an inhibitor to an activator generated by
aternative exon splicing. Transgenic studies using CREM-mutant mice
demonstrate that round spermatids fail to differentiate into spermatozoa and
protamine 1 and 2 were not expressed (52,53). Similarly, maturation of
round spermatids is arrested when sperm from infertile humans do not
express CREM (54).

The expression of spermatid nucleoproteinsis also translationally
regulated. During spermiogenesis in the mouse, protamine mRNA is
transcribed in haploid round spermatids and not translated until one week
later in the elongating spermatid (55,56). Studies using transgenic mice
have established that trandation of protamine mRNA is controlled by the
3'UTR region (57-59). TPs and protamine mRNAs in the round spermatid
are stored as ribonucleoprotein particles that are trandationally repressed
and anumber of protein repressors that bind to the poly-A tail or other
specific sequences located in the 3'UTR region have been identified (27).
Thistrandationa delay provides a powerful means of spatial and temporal
regulation by which the large amounts of protamines required for
condensing the sperm genome can be synthesized quickly despite cessation

of transcription of the protamine genes (60,61).



Structure of protamines.

Both protamines contain arginine-rich domains that bind to DNA, but
unlike the central domain of P1, the polyarginine regions are interspersed
throughout the P2 molecule (19). Mammalian protamines contain cysteine
residues that form intra- and inter-molecular disulfide bonds. Disulfide
formation isinitiated in the testicular sperm nucle after protamines bind to
DNA and is completed during descent of the sperm through the epididymis
(62-65). Consequently, isolation of protamines from mature sperm requires
reduction of the disulfide bonds that crosslink the protamines around the
DNA helix whereas protamines can be isolated from spermatids without a
reducing agent.

Although presently the precise functions of P1 and P2 are unknown,
structural differences aone suggest the protamines have unique roles as
DNA packaging proteins. Protamine 2 differs from protamine Linthat itis
synthesized as alarger precursor protein that is processed through a series of
specific proteolytic cleavages after incorporation into the sperm chromatin
complex (36). Also, amino acid composition and sequence analyses of the
protamine 2 molecules isolated from various species of mammals have
shown them to be extremely rich in histidine e.g. 13-21% (19). Protamine 1,

by comparison, usually contains 5% or less histidine. These two differences



In structure and metabolism suggest that protamines 1 and 2 might perform
different functions in sperm chromatin. Indeed, results from recent
transgenic experiments in which either the protamine 1 or 2 gene was
eliminated from the mouse genome revealed that protamines do not have
redundant functions since both protamines are essential for fertility (66).

Structural studies of the mammalian sperm chromatin.

The arginine domains of protamines appear to mediate the
condensation of DNA through the formation of toroids, elliptical subunits
50-100 nm in diameter, as reveaed by topological analyses of intact sperm
chromatin from bull, rat, and mouse using scanning probe microscopy
(SPM) (67). SPM analyses of human sperm chromatin, containing both
histones and protamines, demonstrated higher order structures of
nucleosomes and toroids. Optical trapping experiments using single DNA
mol ecul es suggested that the number of polyarginine domains affects the
rate of toroid formation (68). To date, no other model based on
experimental evidence has been proposed to describe the higher order
structure of nucleoprotamine.

Objective of study.

In addition to eucidating the function of protamine 2 in mammalian

sperm, the objective of this project was to design novel structural



experiments to gain understanding of protamine organization in the sperm
chromatin by examining the specific interactions between the protamines
and DNA, P1 and P2, aswell as P2 and zinc. Rodent protamines were
selected as the model system for these experimentsinstead of human for
practical reasons. First, because of the substantial amount of material
required for optimizing the sample preparation and conditions for the
experiments, hamster epididymides are an ideal source, yielding 150-fold
more sperm and protamines than can be obtained from comparable rat or
mouse tissue. Second, transgenic mice provide an experimental system that
can be altered to test theories in vivo developed from the earlier hamster
data, such as substitution of amino acids in protamine 2 proposed to
coordinate zinc.

Designing our structural studies required knowledge of the amino acid
sequences of protamines 1 and 2 present in the sperm of rodents, but because
of the number of consecutive arginine residues present in these two proteins,
only the amino-terminal sequences could be obtained by direct protein
sequencing of isolated protamines. Since only the laboratory rat (Rattus
norvegicus) and mouse (Mus musculus) protamine gene sequences were
known, theinitial step was to sequence protamine 1 and 2 genes from

hamster by using polymerase chain reaction (PCR). This proved to be quite



chalenging as the N-terminal sequences for protamine 2 are not conserved
and the protamine gene sequences are extremely GC-rich. The 5’ primer
was designed using conserved promoter sequences to flank the beginning of
the P1 gene and the 3’ primer to flank the end of the P2 gene, the hamster P1
and P2 genes were amplified by PCR as a unit using a high-fidelity
polymerase mix (40). In retrospect, formation of secondary structures
adjacent to the 5’ region of the P2 gene may have interfered with primer
binding, thereby preventing amplification of the P2 gene from isolated
genomic DNA. Regardless, the amplification of the protamine genesasa
primary reaction followed by secondary reactions amplifying the individua
protamine genes yielded a PCR method for easily obtaining other rodent
protamine gene sequences from which the amino acid sequences could be
derived and compared, improving the prediction of key amino acids
involved in zinc coordination and thus the design of structural studies of
protamines.

I mportance of structural studies of protamine 2 and zinc: advancing
our understanding of male infertility for clinical applications.

While the protamine 2 content of sperm varies widely among different
genera of mammals, a number of studies have correlated male infertility in

humans with aterationsin the proportion of P1 and P2 in the sperm nuclei
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and decreased amounts of either or both protamines (69-74). Protamine-
deficient sperm chromatin is decondensed and the DNA is frequently
damaged (75-83). Thus, perturbationsin P1:P2 stoichiometry may result in
susceptibility to DNA damage in the sperm nucleus and contribute to current
idiopathic infertility cases.

Additionally, zinc appears to play an important function in fertility.
Zinc content is elevated in the male reproductive tract, compared with blood
plasma, and has been proposed to function in maintaining the stability of
sperm DNA during epididymal storage and gjaculation. Decondensation of
DNA has been correlated in vitro in sperm with the addition of zinc
chelators and in vivo in sperm from infertile males with impaired secretion
of zinc from the prostate (84-88). Conversely, zinc must be depleted from
hamster sperm for capacitation and penetration of the zona pellucidato
occur (89,90). Recent studies of zinc in rodent testes demonstrate that both
deficiency and excessive intake of zinc adversely affects testicular tissue and
sperm function (91,92). Hence, athough it is evident that zinc contributesto
the stability of the chromatin required for normal sperm function, secretion
of zinc by the prostate may be required to regulate the amount of zinc
present during spermiogenesis. Until zinc function is better understood,

the use of zinc supplements may be toxic and thereby unsuitable for treating
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male infertility.

Infertility treatment is a $1 billion per year industry and of the 2.6
million couples seeking reproductive assistance, 40% of the infertility cases
are male-related. Abnormal sperm chromatin packaging and nuclear DNA
damage are linked and the fertilization rates decline when the spermatozoa
nuclel contain fragmented DNA (93). Increasing our understanding of the
molecular mechanisms underlying male infertility, including protamine
function and structure, is necessary to prevent inappropriate use of costly
procedures as well as to decrease the risks to the developing embryo. In
addition, the information obtained from these protamine 2-zinc studies will
be useful in developing the next generation of male contraceptives in which

specific interactions are disrupted between protamines, zinc, and DNA.
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CHAPTER ONE
A Compar ative Sequence Analysis of Protamine 2

from Muroid Rodents

Abstract

Sequence comparisons provide insight into the key amino acids that
contribute to the structural domains of proteins. We obtained and compared
protamine 2 sequences from a variety of rodents from the Muridae family to
elucidate potential amino acid residues that coordinate zinc. We also used
the data to examine how different mechanisms for organizing protamines 1
and 2 might dictate the relative proportion of protamines that package the
DNA in sperm chromatin. We discovered that differences in protamine
primary sequence do relate to the coordination of zinc, but they do not
appear to influence protamine stoichiometry in sperm chromatin. Instead,
the results suggest that the formation of protamine 2 homodimers on sperm
DNA may provide a mechanism for regulating the proportion of protamines

observed in Muroid rodent sperm.
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I ntroduction

Chromatin condensation in mammalian spermatids.

Thefinal stages of mammalian spermiogenesis are characterized by
the dramatic compaction of the chromatin in elongating spermatids (1,2).
The transformation of the spermatid chromatin begins when histones, which
organize early spermatid chromatin into nucleosomes, are replaced with
transition proteins (3). In late-step spermatids, the transition proteins are
displaced by smaller, highly basic protamines, creating the extremely
condensed nucleoprotamine complex characteristic of the mature
spermatozoan (4,5).

Characteristics of protamines1 & 2.

Two types of protamines, protamines 1 (P1) and 2 (P2), have been
isolated from the sperm nuclel of rodents and primates (Figure 1)(5-8). P1
has a molecular weight of approximately 7kD, a highly conserved amino-
terminal sequence, and a central DNA binding domain consisting of multiple
polyarginine domains (9,10). In contrast, P2 is synthesized as an
approximately 13kD precursor from which one-third of the amino-terminus
of P2 issequentially removed after the precursor is deposited onto DNA in
late-step spermatids (11). The remaining 8.5kD protein is histidine-rich with

arginine-rich regionsinterspersed throughout the protein (10). Both
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A.

HUMAN P1
MARY RCCRSQSRSRY Y ROQRQRSRRRRRRSCQTRRRAMRCCRPRY RPRCRRH

MOUSE P1
MARY RCCRSK SRSRCRRRRRRCRRRRRRCCRRRRRRCCRRRRSY TIRCKKY

B.

HUMAN P2

MVRY RVRSLSERSHEVY RQQLHGQEQGHHGQEEQGL SPEHVEVYE
RTHGQSHY RRRHCSRRRLHRIHRRQHRSCRRRK RRSCRHRRRHRRGCRTRKRTC
RRH

MOUSE P2

MVRY RMRSPSEGPHQGPGQDHEREEQGQGQGL SPERVEDY GRTH
RGHHHHRHRRCSRK RLHRIHK RRRSCRRRRRHSCRHRRRHRRGCRRSRRRRRCR
CRKCRRHHH

Figure 1. Primary sequences of (A) human and mouse protamine 1 and (B)
human and mouse protamine 2. The leader sequence of the protamine 2
precursor is shown in red.
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protamines bind inside the major groove of DNA to the phosphate backbone
viaaseries of arginine-rich domains (12-16). Using dataderived from DNA
and total protamine masses in individual mammalian sperm, the DNA
binding sites of P1 and P2 were estimated to cover 11 and 15 base pairs,
respectively (17). Thisstudy also revealed that the total protamine mass to
DNA mass ratio was similar in the different mammalian sperm examined,
even though the relative proportion of protamines 1 and 2 vary between the
species (17).

Organization of protamine genes & expression.

Although only the sperm chromatin of rodents and primates contain
P2, DNA sequences homologous to both protamine genes appear to be
present in the genomes of al eutherian mammals (18). Restriction maps of
human, mouse, rat and bull genomes demonstrated that the protamine genes
and transition protein 2 are organized as a chromosomal gene cluster (19-
23). Despite the presence of asimilar tandem array of protamine 1 and 2
genes, the amount of P2 in spermatids differs widely among mammalian
species. While P1 comprises 100% of total protamine in the sperm of many
mammals, rodent and primate sperm contain variable amounts of protamines
1 and 2. However, the amount of P2 has not been observed to exceed 80%

of total protamine in the sperm of any species examined to date (24). This
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limited P2 expression suggests that, while P1 can function independently, P2
may require P1 for some function that stabilizes the haploid genome to
promote fertilization and/or embryonic development.

Objectives of this study.

To accomplish our goal of identifying how P2 binds zinc, we needed
to identify those ligands (amino acid side chains) that bind zinc within P2.
We began by obtaining P2 sequences from the rodent family, Muridae, for a
comparative analysis of conserved amino acids. When we initiated this
study, P2 sequences from rodents had only been determined for Mus
musculus (11,25) and Rattus norvegicus (26), also of the Muridae family. In
addition to obtaining P2 sequences from a variety of hamsters and rats, we
Isolated and purified basic nuclear proteins from the sperm chromatin of
these animal s to quantitate protamine stoichiometry. Based on the
variability in P2 content and sequences we observed in these rodents, we
speculated that both of these features must govern the protein interactions
that affect how the two protamines are organized on sperm chromatin. This
chapter describes the results of our comparison of P2 sequences and the
differences observed in the stoichiometry of protaminesisolated from the
sperm of two closely related hamsters, Syrian Gold (M. auratus) and

Chinese (C. griseus), and eight rat species.
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Materials and M ethods

Accession numbers. The GenBank database accession numbers for

hamster genes and cDNAS (respectively) are: Syrian Gold hamster,
Mesocricetus auratus (AF268203), (AF268204) and Chinese hamster,
Cricetulus griseus (AF269065), (AF269066). The GenBank database
accession numbers for rat genes and cDNAS (respectively) are: Rattus
fuscipes (AF268201), (AF268202); Rattus tunneyi (AF268199),
(AF268200).

Tissue Sources. Chinese hamster and Rattus norvegicus were

purchased from Simonsen Laboratory (Gilroy, CA). Other Rattus species
were collected in thewild in Australia. Mesocricetus auratus (Syrian
hamster) were bred in our animal facility at Lawrence Livermore National
Laboratory. The testes and epididymides were removed from each species
and immediately frozen.

Fractionation of Rattus Protamines. Epididymal sperm were

obtained from sexually mature rats and the basic nuclear proteins were
isolated as previously described for the mouse (6). The basic nuclear
proteins were solubilized in 3M GuCl, 50mM Tris-HCI pH 8.0, and 10mM
DTT, and separated from the other basic nuclear proteins by HPLC using a

Nucleosil RP-C18 column and the following multi-step acetonitrile gradient:
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linear increase of Buffer B (60% acetonitrile, 0.1% trifluoroacetic acid) from
40% to 65% over 10 minutes; isocratic for 20 minutes; and an increase from
65% to 75% Buffer B inonly 0.1 minute. Buffer A = aqueous 0.1%
trifluoroacetic acid. Protein elution was monitored at 214 nm.

Electrophoretic Analysis. The cysteine residues of the sperm basic

nuclear proteins were amino-ethylated using aziridine prior to their
separation on acid urea gels as previously described (6,27).

I mmunological Detection of Protamine 2 in Western Blots. The

protamines of each Rattus species were resolved by electrophoresis on a
minislab acid-ureagel (10 x 10 cm x 1.5mm) and subsequently blotted onto
Immobilon P (Millipore Corporation, Burlington, MA) in 0.0009N acetic
acid at 50V for 15 minutes. The dried blots were wetted with methanol,
rinsed in water, and blocked with 5% bovine serum albumin containing calf
thymus DNA (10mg/ml) in solution 1 (10mM Tris-HCI, [pH 7.4], 0.9%
saline, 0.1% Tween-20) at 37°C for one hour. After washing threetimesin
solution 1, the blots were incubated at room temperature for two hours with
either Hup1N or Hup2B, antibodies specific for protamine 1 or protamine 2,
respectively (1 pl in 10 ml solution 1) (28). The blots were washed three
times with solution 1 and then incubated for 30 minutes at room temperature

with biotinylated goat anti-mouse IgG (final concentration 5ug per ml of
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solution 1) (Sigma Chemicals, St. Louis, MO). After three washesin
solution 1, the antibodies were intensified using the VectaStain ABC-AP
system (Vector Labs, Burlingame, CA), washed with solution 2 (solution 1
without Tween-20), and visualized using Vector Red.

Amplification of the Protamine 2 Gene. Genomic DNA was

Isolated from 10mg of frozen testes using a Puregene kit (Gentra, Research
Triangle Park, NC) as per the manufacturer’ sinstructions. All PCR
reactions were performed in a MJ Research PTC-100 thermal cycler. The
protamine gene cluster was amplified from 750 nanograms of hamster
genomic DNA as previously described for Syrian Gold hamster (27). The
PCR reactions resulted in a1.7kb product from Chinese hamster and a 3.0kb
product from Syrian Gold hamster. Half amicroliter of each “primary”
reaction was used as the template for a nested reaction to amplify the P2
gene as previoudly described for Syrian Gold hamster (27). These reactions
yielded a 500bp product from Chinese hamster and a 700bp product from
Syrian Gold hamster, and the DNA was extracted from a Nusieve gel (FMC
BioProducts, Rockland, ME) using a Qiaguick kit (QIAGEN, Inc., Santa
Clarita, CA). The extracted amplicons were sequenced by dye terminator
cycle sequencing (U.C. Davis Sequencing Facility, Davis, CA). Triplicate

samples of each PCR reaction were sequenced in both the forward and



reverse directions,

The protamine genes of Rattus norvegicus, R. tunneyi, and R. fuscipes
were amplified from 750ng genomic DNA with the primer pair
5-CCATGGCCAGATACAGATGCTG-3 and
5-GCTTTATTTGGCAGGTGGCTT-3' using an Elongase kit (Gibco/Life
Technologies, Grand Island, NY') and the following program: 94°C for 2
minutes; 5 cycles at 94°C for 1.5 minutes and 68°C for 6 minutes; 30 cycles
at 94°C for 1 minute, 63°C for 1.5 minutes, and 68°C for 5 minutes; and
ending with 1 cycle at 72°C for 10 minutes. The size of the PCR product
obtained from all Rattus species was 5.2kb. One microliter of these
reactions was used as template for subsequent nested reactions using an
Elongase kit (Gibco/Life Technologies, Grand Island, NY). The program
for the nested reactions was. 94°C for 2 minutes; 3 cyclesat 94°C for 1
minute, 65°C for 1 minute, and 68°C for 1 minute; 2 cycles at 94°C for 1
minute, 64°C for 1 minute, and 68°C for 1 minute; 20 cycles at 94°C for 45
seconds, 63°C for 1 minute, and 68°C for 1 minute. The primer pair 5'-
GTGTGCAGGCTACCGACCCTC-3 and
TTGGCTTGGGCAGGTGACTTC-3') yielded a 575bp product for al three

Rattus species. The DNA was extracted from the gel and sequenced by dye
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terminator cycle sequencing (U.C. Davis Sequencing Facility, Davis, CA).
Each PCR reaction was amplified twice more and sequenced in both the
forward and reverse directions.

Amplification of Protamine 2 cDNA. Total RNA wasisolated from

the testes of R. norvegicus, R. tunneyi, R. fuscipes, Chinese hamster and
Syrian Gold hamster using a GlassMax kit (Gibco/Life Technologies, Grand
Island, NY) as per the manufacturer’ sinstructions. DNase was added to the
RNA samples to remove contaminating genomic DNA. One microgram of
the total RNA was used as the template for RT-PCR using a Superscript |1
kit (Gibco/Life Technologies, Grand Island, NY). The protocol for RNA
containing high GC sequences was followed per manufacturer’ s instructions
using oligo(dT)16-18. The cDNAs obtained from the reverse transcriptase
reactions from both Chinese hamster and Syrian Gold hamster were
subsequently PCR-amplified using the primer pair
5-TCTTCATCCCATCCAGGTCAG-3 and
5-GCTTACTGCCTCCTACACCT-3 and the following program: 94°C for
1 minute; one cycle at 94°C for 1 minute, 63°C for 1 minute, and 72°C for 1
minute; one cycle at 94°C for 45 seconds, 62°C for 45 seconds, and 72°C for

45 seconds; 30 cycles at 94°C for 30 seconds, 61°C for 30 seconds, and

72°C for 40 seconds; and ending with 1 cycle at 68°C for 3 minutes. The
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cDNAsfrom R. norvegicus, R. tunneyi, and R. fuscipes were amplified with
the primer pair 5’-TCTCCTGGCACTATGGTTCGCT-3' and
5-TTGGCTTGGGCAGGTGACTTC-3'. The program used was. 94°C for
2 minutes; 1 cycle at 94°C for 30 seconds, 65°C for 1 minute, and 72°C for
1 minute; 1 cycle at 94°C for 30 seconds, 64°C for 1 minute, and 72°C for 1
minute; 28 cycles at 94°C for 30 seconds, 63°C for 1 minute, and 72°C for 1
minute; and ending with 1 cycle at 72°C for 5 minutes. All reactions
generated a 400bp product and the amplified cDNASs were sequenced using
the dye terminator method (U.C. Davis Sequencing Facility, Davis, CA).
Results

Chinese hamster P2 mRNA is frameshifted.

The DNA sequence (and derived amino acid sequence) was obtained
for the protamine 2 gene of Chinese hamster (Cricetulus griseus) by
amplifying the P2 gene and sequencing the PCR product (Figure 2). The P2
gene sequence for Syrian Gold hamster (Mesocricetus auratus) was obtained
by the same method (GenBank accession number AF268203) (27).

Analyses of the sequencing data confirmed that the Chinese hamster genome
does contain the P2 gene, but also revealed several deletions within the first

4 codons that create a transcript which, when translated, codes for a



hydrophobic protein that is terminated at the 28th codon (TGA). Because

the sequence was vastly different from that which has been observed

ATGGCTTGT TACCCAGT GAACAT CCGCGCCAGGGGCCTGAGCAAG 45
M ACYPVN NI RARTGTL G K
P SEHPR RO OGTPGDOQ

AACAT GGGCAT GAAGAGCAGGGGCAGGGGCAAGGGTTGAGCCCAG 90
N MGMEKST RGTZ R G K GSTOP
EHGHETEGO OG QG QGTL S P

AGCATGT CGAGGACTATGGEGAGGACACAC 119
E HV E DY GR T H

Figure 2. Partia sequence of Chinese Hamster protamine 2 gene
(terminated at stop codon) and derived amino acid sequence frameshifted
beginning with 11th base (in red).
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previoudy for P2, it did not initially appear that we had isolated the P2 gene.
However, when the gene sequence was frame-shifted at the 11" base, it
became evident that it was the |eader sequence of the P2 gene (Figure 2).

To determine if the Chinese hamster P2 gene is transcribed, we
amplified cDNA obtained from the testes of Chinese hamster using Syrian
Gold hamster as a control. Figure 3 (lane 3) shows that P2 mRNA isolated
from the testes of Syrian Gold hamster is highly transcribed and efficiently
processed - only fully spliced P2 cDNA was amplified. Unexpectedly, the
majority of cDNA amplified from RNA isolated from the testes of Chinese
hamster was unspliced (Figure 3, lane 2), as confirmed by sequencing the
cDNA amplified from the testes of this hamster (Figure 4A). The unspliced
cDNA cannot be attributed to the absence of conserved splice sites since the
sequences for acceptor and donor sites were identical for hamster, mouse,
and R. norvegicus, R. tunneyi and R. fuscipes. The cDNA aso had a
pyrimidine-rich consensus sequence at the 3' splice junction (Figure 4). In
addition to treating the total RNA from Chinese hamster with DNase,
duplicate samples were incubated without reverse transcriptase as negative
controls to verify the RT-PCR results from Chinese hamster were not due to

genomic contamination. A genomic PCR product was not amplified from
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the MRNA sample (Figure 3, lane 4). Also, as apositive control, P1L cDNA



FHgure3. DNA gd compaingamplification yiddsof cDNA and
genomic DNA fromthetegisof Chineseand Syrian Gold handers
usngthesame primer pair. Lane 1: DNA 100-basepair ladder; 2
Chineehamger P2from  cDNA; 3: Syrian hamdter P2 from CDNA,;
4. Chinese hamster cDNA without reverse transcriptase; 5: Chinese
hamder P2 genefrom genomic DNA; 6: Syrian hamnder P2 gene
fromgenomicDNA, 7: Chinesehamder P1 cDNA; 8 Syrian

hamger PL  cDNA.
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A.

ATGCECTTGI TACCCAGT GAACAT CCGCGCCAGGEEGECCT GEECAAGAACATGEEEC
M A CYPVNI RARGLGIKNMDG

ATGAAGAGCAGGGEECAGCEEECAAGEGT TGATCTTGCAGCCATCGCAGATGTAAG
M K S R G R G K GSITOP

CACCCAAGAACCT CAGACCCCTGECCACCT GT GT TGCCCAGCAAGGCAGGAGT G
CTCCCATCTACCCT GCTGCCTCCCAGACAGCAAACCAGAACT TTTCTTCCCCAA
AGGCT GCAGAAGACGCAGGT GCAGGAGGT GTAGGAGGECACTAA

B.

ATGGT TCGT TACCGAAT GAGGAGCCCCAGT GAGCGT CCGCACCAGEEECCT GG
MV RYRMRSPSERWPHOQGPG

CAAGAACAT GGACGT GAAGAGCAAGGGCAGGGGCAAGGGT TGAGCCCAGAGCGT
Q EHGREEOQGQGOQGL S PER

GI' GGAGGACTATACACACGGEGAGGAGGEEGECCAACACCACCACAGACGT CECTEC
vV EDY GRTHRGQQHHHRIRRC

TCGCGTAGGAAGCT GTACCGAAT CCACAGGAGECECCEGT CATGCAGGAGECGEG
S RRKILYRI HRRIRRSZCRRR

AGGAGACACT CCTGCCGT CACAGGAGACGGECATCGCAGAGECTGCAGAAGATCA
R RHSCRMHIRRRMHIRRGT CRR S

CGCAGGAGGAGGAGATGCAGGT GCAGGAGGT GTAGGAGGECACCACCACTAA
R R RRRCRU CRRU CRRMHH HSIOP

54

108

162
216
262

54

108

162

216

262

316

Figure 4. Complete cDNA and derived protein sequences for (A) Chinese
and (B) Syrian hamsters. Predicted consensus sequences for splicing in

Chinese hamster P2 are underlined.
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was amplified from Chinese hamster, sequenced, and determined to be
spliced (Figure 3, lane 7).

Steady state levels of Chinese hamster P2 mRNA are low.

Figure 3 aso shows that less P2 cDNA is amplified from Chinese
hamster compared with Syrian Gold hamster as an additional 10 cycles were
needed to amplify Chinese hamster cDNA to visualizeitonage. This
result does not appear to reflect areduced efficiency of amplification since
similar yields were obtained when the same primers were used to amplify
the genomic DNA from Chinese and Syrian Gold hamsters (Figure 3, lanes 5
and 6).

Expression levels of fully processed P2 varies within Rattus species,

Gel electrophoresis and HPL C analyses of Rattus protamines revealed
marked intraspecies variation in P2 expression. Mature, fully processed P2
was not detected in R. norvegicus or R. rattus sperm (representatives of
southeast Asian species) chromatin, whereas six Australian Rattus species
(R. tunneyi, R. villossimus, R. sordidus, R. colletti, R. lutreolus, and R.
fuscipes) were all observed to have fully processed P2 in their sperm
chromatin (see representative HPL C data for two species, R. fuscipes and
R. norvegicus, Figure 5). Immunoblots of the protamines isolated from the

sperm of each species show fully processed protamine 2 is present in all of
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Figure 5. Fractionation of Rattus norvegicus and Rattus fuscipes
protamines by HPL C shown in upper panel (A) R. norvegicus and (B) R.
fuscipes. Fractions were analyzed by ELISA using the protamine 1-
specific antibody Hup1N and protamine 2-specific antibody Hup2B
shown in lower panel (A) R. norvegicus and (B) R. fuscipes.



the Australian Rattus species, but is absent in R. norvegicus and R. rattus
sperm chromatin (Figure 6). The sperm of R. norvegicus and the Australian
Rattus species contained detectable levels of partially processed P2
precursor, whereas R. rattus sperm did not appear to contain any P2
precursor (Figure 6, lanes 1 and 2).

To examine the mechanism regulating P2 expression within the Rattus
genus, we amplified and sequenced the P2 genes from two Rattus species, R.
tunneyi, and R. fuscipes (data not shown). The P2 gene sequence for R.
norvegicus was reported earlier (GenBank accession number Z46939) (26).
We a so sequenced the P2 cDNAS obtained from the testes of these same
three species of Rattus (Figure 7). Our results for R. norvegicus protamine 2
MRNA were identical to the sequence reported previously (GenBank
accession number NM012873) (26). Therat P2 cDNA sequences showed
that the transcripts were fully spliced and the putative amino acid sequences
were highly conserved when compared with the P2 sequences of Syrian
hamster and mouse, two species that contain abundant P2 in their sperm
chromatin (Figure 8). The leader sequence of P2 from R. norvegicus has
two amino acid changes compared with R. tunneyi and R. fuscipes:

(1) proline (residue 13) is replaced by glutamine, and (2) the histidine

residue at the last cleavage site (residue 44) is replaced by glutamic acid.
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A
ATGGTTCGCTACCGAAT GAGGAGCCCCAGT GAGGGT CAGCACCAGEGEECCTGEG
MV RYRMRSPSEGOQHQGUPG
CAAGACCAT GAGCGCCGAGGAGCAGGEGECAGGEGEECAAGAGCT GAGCCCAGAGCEC
Q DHEIREEOQGQGOQETL S P ER
GI'GGAGGACT AT GCGAGGACAGAAAGGGEGCCACCACCACAGACACAGECECTEGC
vV E DY GRTERGMHMHHRMHRRZC
AAGAGGCT TCACAGGAT CCACAAGAGECGCCEGT CATGCAGAAGGCGCGAGGAGA
K RL HRI HKIRRIRSU CRRIRRR
CACT CCT GCCGCCACAGGAGGCGECAT CGCAGAGECT GCAGAAGAT CCCGAAGG
H S CRMHRRRMHRIRGU CRIRSRR
AGGAGGAGCT GCAGGT GCAGGAAAT GCAGGT GGCACTATTAT
R RS CRUCRI KU CRWHYY

B.

ATGGTTCGCTACCGAAT GAGGAGCCCCAGT GAGGGT CCTCACCAGEGT CCTGEG
MV RYRMRSPSEGPWHQGUPG
CAAGACCAT GAACGCCGAGGAGGECAGEGECAGGEGEECAAGAGCT GAGCCCAGAGCEC
Q DHEIREEQGQGOQETL S P ER
GI'GGAGGACT AT GGGAGGACACACAGGEEGECCACCACAGACACAGECECTGCTCT
vV E DY GRTHRGMHMHRMHRRC S
CGTAAGAGGCTTCACAGGAT CCACAAGAGGCGCCGAT CAT GCAGAAGGECGGAGG
R KRLHRI HKIRIRRSU CRIRRR
AGACACT CCTGCT GCCACAGGAGGECGECAT CGCAGAGECTGCAGAAGATCCCEA
R HS CCMHIRRRMHIRRG CRRS R
AGGAGGAGGAGAT GCAAGT GCAGGAAAT GCAGGAGGCACTGTCAC 303
R R R RCKUZ CRIKU CRIRMHTCH

C.
ATGGTTCGCTACCGAAT GAGGAGCCCCAGT GAGAGT COGCACCAGGGT CCTGRG
MV RYRMRSUPSETSTPHOQGZP G
CAAGACCAT GAAAGCGAGGAGCAGGGGECAGGGGCAAGAGCT GAACCCAGAGCGC
Q DHE S SETEOQG QGO QETLNTPER
GT GGAGGACT AT GGGAGGACACACAGGGGECCACCACAGACACAGGCGCTGT TCT
VEDYGRTHRGHHRUHE RTE RTECECS
CGTAAGAGGCTTCACAGGAT CCACAAGAGGCGCCGAT CAT GCAGAAGGCGGAGG
RKRTLHRI HKRRRST CRR RT RTR R
AGACACT CCTGCT GCCACAGGAGGCGGCAT CGCAGAGGCT GCAGAAGAT COCGA
RHSC CC CHRRRHRRGT CRT RSR
AGGAGGAGGAGAT GCAGGT GCAGGAAAT GCAGGAGGCAGT GTCAC 303
RRRRTCRTCRIKT CRTR RGO OTCH

108
162
216
270
312

54

108
162
216
270

54

108
162
216
270

Figure 7. Complete cDNA and derived protein sequences of (A) Rattus
norvegicus, (B) Rattus fuscipes, and (C) Rattus tunneyi. Changesin amino

acid sequencein R. norvegicus leader sequence arein red.
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These same amino acid substitutions were previously noted when R.
norvegicus P2 sequence was compared with mouse P2 (29).
Discussion

| dentification of potential zinc-binding domain in protamine 2.

Due to the number of consecutive arginine residues present in
protamines, amino acid sequencing of these proteinsis limited to the N-
terminal sequences. Entire sequences for 2 hamsters, Syrian Gold and
Chinese, were obtained by amplifying the protamine genes using nested
polymerase chain reaction (PCR) and sequencing the amplicons. Similar
reactions yielded protamine 2 sequences for 3 rats, R. norvegicus, R. fuscipes
and R. tunneyi. An aignment of the Muroid rodent protamine 2 sequences
(excluding Chinese hamster) is shown in Figure 8.

We initialy optimized the sequencing parameters for protamine 2
from Muroid rodents to identify potential zinc binding domains for our
proposed P2-zinc structural studies. Based on the previous hypothesis
derived from the calculation of the length of DNA covered by protamines,
we assumed the protamines must bind to DNA using the arginine-rich
domainsin an extended conformation (17). Thiswould preclude the
possibility of the entire protamine 2 molecule wrapping around the zinc to

form atypical zinc finger conformation as suggested previously (30,31).



M. auratus

RGQHHHRRR- CSRRKL YRI HRRRRSCRRRRRHSCRHRRRHRRGCRRSRRRRRCRCRRCRRHHH
M. musculus

RGHHHHRHRRCSRKRL HRI HKRRRSCRRRRRHSCRHRRRHRRGCRRSRRRRRCRCRKCRRHHH
R. norvegicus

RG- HHHRHRRC- - KRLHRI HKRRRSCRRRRRHSCRHRRRHRRGCRRSRRRRSCRCRKCRWHYY
R. fuscipes

RG- HH- RHRRCSRKRLHRI HKRRRSCRRRRRHSCCHRRRHRRGCRRSRRRRRCKCRKCRRHCH
R. tunneyi

RG- HHR- HRRCSRKRL HRI HKRRRSCRRRRRHSCCHRRRHRRGCRRSRRRRRCRCRKCRRQCH

Figure 8. Alignment of mature (fully processed) P2 sequences of
M. auratus (Syrian Gold hamster), M. musculus (laboratory mouse),
and R. norvegicus, R. fuscipes and R. tunneyi.
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Since the arginine domains are located primarily in the region of the protein
sequences extending from the 26™ residue to the C-terminal end, we focused
our sequence comparison for the zinc-binding region on the N-terminus of
the protein. Within the first 25 amino acids of the N-terminus, our
alignment revealed a histidine-rich region in the first 8 amino acids as well
as 2 cysteine residues and an additional histidine (Figure 8). These findings
are consistent with sequences determine for other rodent protamine 2
sequences as well (data not shown) and with our hypothesisthat zinc is
coordinated at the N-terminal end of protamine 2.

Preliminary chemical crosslinking studies indicated that protamine 2
molecules are clustered in hamster chromatin as dimers (27). If protamine 2
binds to DNA as dimersin the sperm chromatin in all species, it seems
highly probable that the monomers that comprise the dimer must be linked
in away that would produce a symmetrical dimer. Asthe amount of
protamine 2 bound to DNA isvaried in different species, this could be
accomplished through the binding of additiona protamine 2 dimers. One
possible method for inducing and/or stabilizing the formation of a
dimerization site between protamine 2 monomers could be through the
coordination of zinc by the amino termini of protamine 2 molecules. One

additional advantage of forming protamine 2 homodimersis that the dimers
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would have increased affinity for DNA with twice the number of

el ectrostatic interactions with the DNA phosphate backbone as compared
with monomers. |If dimerization occurred before protamine 2 binds to DNA,
the presence of the dimer and its increased affinity for DNA should affect
the rate of DNA condensation, which has been observed in vitro where zinc
facilitated the condensation of DNA by P2 (32).

Number and position of cysteines do not appear to influence
stoichiometry.

This alignment also demonstrates the marked similarity that exists
between mouse and Syrian hamster protamine 2. From our sequencing data
of protamine 1 we discovered the amino acid sequences for protamine 1 of
these animals differ by 3 conservative changes at the C-terminus (27).
Furthermore, the positions of the cysteine residues in both protamines are
comparable. One-third of the total protamine from Syrian hamster is
protamine 2 in contrast to mouse sperm, which contains 67% protamine 2.
Prior to this study, we proposed that the formation of disulfide bridges
between the protamines could account for the organization and thus relative
proportion of protaminesin sperm chromatin. Since the mouse and Syrian
hamster protamine sequences are nearly identical, yet the relative proportion

of protaminesisvastly different in mouse and hamster sperm, it would
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appear unlikely that disulfide bond formation between specific cysteine
thiolsin protamines 1 and 2 could account for the differencesin protamine
stoichiometry. However, if protamine 2 homodimers were interspersed
among protamine 1 molecules, the formation of specific intra- and inter-
molecular protamine disulfides would not need to change among species and
we could reconcile this dilemma (27).

Splicing does not occur in defective protamine 2 Chinese hamster
transcripts.

Our sequencing data provided additional insight into the variable
protamine stoi chiometry we observed in hamsters. Sequence analyses of the
genomic DNA from Chinese hamster revealed that this hamster has a
protamine gene cluster and that the P2 gene is transcribed, but the mRNA
contains several mutations that shift the reading frame, producing an interna
stop codon approximately 80 bases downstream from the start codon. This
nonsense codon terminates the translation of P2 gene after 28 amino acids
and produces a hydrophobic protein consisting of only a partial leader
sequence and lacking a DNA binding domain. This protein would not be
expected to be functional, nor would it be detected using standard techniques
for isolating and characterizing protamines (23). P2, ahighly basic protein

containing approximately 63 amino acids after processing, would have a
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very different electrophoretic mobility and a different elution time from an
HPL C column than the truncated, hydrophobic protein produced by
expression of the Chinese hamster P2 gene.

It has been proposed that the absence of P2 in the sperm chromatin of
bull and boar was also caused by deletionsin the transcripts (33,34). Asfor
the Chinese hamster, tranglation of these transcripts would also produce a
protein more hydrophobic than the highly basic P2. Together, these findings
suggest that, in certain mammalian species including Chinese hamster, bull,
and boar, P2 cannot be incorporated into the sperm chromatin because the
mutated gene products lack the highly basic DNA-binding domain.

The low steady-state level of mMRNA, the nonsense codon, and the
unspliced cDNA isolated from Chinese hamster sperm mRNA are all
consistent with the nonsense-mediated mRNA decay (NMD) pathway that
has been primarily characterized in yeast, but also functionsin higher
eukaryotes including mammalian cells (35). In this pathway, the nonsense-
containing transcript may remain as preemRNA, i.e. theintron is not spliced
out of the transcript. In some systems, the intron functions to promote the
NMD pathway (36,37). Nonsense mutations located at the 5’ -proximal end
of the gene have also been correlated with reduced levels of steady-state

MRNA, which limited the overall expression of specific genes (38). Our
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results suggest that when the P2 gene is transcribed in the testes of Chinese
hamster, the frameshift mutation creates a nonsense-containing mMRNA that
remains unspliced and is unstable.

A sequence motif containing two ATG’s has been identified in yeast
downstream of the nonsense codon that appears to be required for nonsense-
mediated MRNA decay (39). Two ATG’s are also |ocated downstream of
the nonsense mutation in Chinese hamster P2 (data not shown). While
inconclusive, these preliminary observations suggest that this decay pathway
may be a mechanism used in Chinese hamster spermatidsto eliminate the
accumulation of potentially deleterious nonsense-containing mMRNAs. The
advantage a cell would derive by using this pathway is that it would
conserve resources and prevent the translation of a hydrophobic protein that
would be functionally useless to the cell or that may interfere with cell
function. This certainly is applicable to the sperm cell as the accumulation
of a hydrophobic protein would not bind to the negatively charged DNA, but
it could disrupt the interactions that occur between protamines or the coiling
of the neutralized chromatin into toroids. This compaction is essential to the
protection of the paternal genome as well as its successful transmission to

the next generation.



Changesin protamine 2 leader sequencesinhibit processing.

In contrast to Chinese hamster, bull, and boar, the P2 precursor is
synthesized and partially processed in the spermatids of R. norvegicus, but
reduced transcription of the P2 precursor appearsto limit the amount of P2
In the chromatin of rat spermatozoa (29,40). The low amount of P2
Incorporated into the sperm chromatin of R. norvegicus might be explained
by the impaired processing of P2 precursor, which could be a consequence
of the absence or reduced expression of afunctional enzyme required for
processing. Alternatively, the processing of P2 precursor may be impaired
by changes in the amino acid sequence within, or surrounding, the cleavage
sites that alter a specific structure recognized by the processing enzyme.
The lack of processing could account for the overall low levelsof P2in R.
norvegicus sperm, since after the P2 precursor bindsto DNA, processing
would be expected to be required for elimination of the negatively charged
leader sequence to prevent repulsion between the protein and the DNA
phosphate backbone, which could hinder toroid formation and condensation
of the sperm chromatin.

A comparison of the sequences obtained for several Rattus P2 genes
revealed that the amino acids immediately adjacent to the cleavage sites of

R. norvegicus, R. fuscipes, and R. tunneyi protamine 2 are conserved except
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for the last cleavage site (H—E) in R. norvegicus (Figure 7). Bunick and
colleagues observed this same amino acid substitution when they aligned P2
sequences for R. norvegicus and laboratory mouse (29). While thereisno
direct experimental evidence to suggest this mutation affects processing, it is
conceivable that this amino acid substitution might alter the structure of the
cleavage site and affect recognition by the processing enzyme.

Processing could also be affected by changes in neighboring
sequences, either by preventing access to the cleavage site or by altering its
conformation. As one example, the conserved proline neighboring the
second cleavage site in mouse (24), R. tunneyi, and R. fuscipes (Figure 7) is
replaced by a glutamine in R. norvegicus P2. This change could block the
binding of the processing enzyme by steric hindrance or prevent recognition
of the site by the enzyme. Since the cleavage process occurs sequentially
(11), the efficiency of subsequent cuts would be expected to decrease if
binding by the enzyme to the previous site was impaired. The mutation of
the proline adjacent to the second processing site in R. norvegicus P2 might
block downstream processing in this manner. This hypothesisis supported
by the results from the immunaoblots of R. norvegicus protamine since only
the larger processed forms of the precursor are present in sperm chromatin

(Figure 5). Interestingly, this cleavage site in the P2 precursor of rodents
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appears to be absent in primates as indicated by the sequences of human P2
precursor intermediates (41). In seven primate species (including Homo
sapiens) this proline residue is replaced by serine.

The present studies have aso shown that the protamine 2 geneis
expressed and the precursor is processed in a number of Australian Rattus
species. Thisexpression of the P2 gene and its processing in the Australian
Rattus species are similar to that which occurs in the house mouse, Mus
domesticus (11,25). Thelack of processing in R. norvegicus and R. rattus
may reflect the presence of mutations in the coding region of the leader
sequence. Functional studies outside the scope of this project would resolve
this speculation, which is currently based almost entirely on sequence
comparisons.

Although early work suggested otherwise (42,43), more recent data
have indicated that the Australian Rattus are part of the same lineage that
gave rise to southeast Asian species, which include R. norvegicus and R.
rattus. Furthermore, electrophoretic and microcomplement fixation data
have suggested that the Australian Rattus are no more divergent from R.
norvegicus and R. rattus than these two species are from each other (44).
The most parsimonius explanation for the present findings would be that the

P2 gene was fully expressed in an early Rattus ancestor and was retained in
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the lineage that gave rise to the Australian species, but the expression of P2
was reduced due to mutations in the lineages that gave rise to R. norvegicus
and R. rattus. Additional studies of the expression of the P2 genein sperm
of other Asian Rattus species would be an interesting test of this hypothesis.

The fact that the protamine 2 geneis present in most, if not al,
eutherian genomes but often cannot be transcribed into a functional gene
product has interesting, albeit perplexing, biological implications. While
human males with nonfunctional or disproportionate amounts of P2 are
infertile (45-47), Chinese hamster, R. rattus and R. norvegicus produce
nonfunctional P2 gene products, and yet these species retain their ability to
produce offspring. The reason for this apparent discrepancy is unclear, but
aludesto the presence of multiple factors that must contribute to the
regulation of fertility, aswell as reproductive isolation between closely
related species. Specifically, if thisvariability in P2 expression actually
protects against cross-fertilization and/or regulates the rate of
decondensation of sperm genome after fertilization, then this protection must
require additional regulatory pathways as indicated by animals with only P1
in their sperm chromatin.

Clinically, deregulation of expression of the protamine genes appear

to adversely affect human male fertility: a number of studiesin the past
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decade have correlated male infertility with alterations in the proportion of
P1 and P2 in the sperm nuclel and decreased amounts of either or both
protamines (43-45). Understanding the regulation of protamine gene
expression will provide information to elucidate the causes of perturbations

of protamine stoichiometry involved in human male infertility.
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CHAPTER TWO

In Vivo Analysis of the Zinc-Binding Domain of Hamster

Protamine 2 During Spermiogenesis

Abstract

Conflicting models have been proposed for zinc binding to human
protamine 2 (P2) using data obtained from in vitro binding experiments.
The inconsistent mode of binding when zinc is added to isolated human
protamine 2 and synthetic P2 peptides may be explained by the binding of
zinc to thiol groups of P2 that do not interact with zincin vivo. The
objectives of thisin vivo study were to: (1) quantitate zinc in hamster
spermatids and sperm to determine when the zinc is present in the
developing sperm using Proton-Induced X-Ray Emission (PIXE);

(2) determine whether zinc is bound to protamine 2 in spermatid and sperm
nuclei; and (3) identify the zinc coordination site of P2 bound to DNA using
X-ray Absorption Spectroscopy (XAS). The data obtained from these
analyses show that zinc is bound to protamine 2 in the developing spermatid
prior to or immediately after protamine deposition onto DNA and the

coordination of the zinc changes as the spermatid matures. These results
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suggest that one function of zinc in sperm may be to stabilize a structural
domain that facilitates P2 binding to DNA, as opposed to creating a DNA-

binding domain (such as a zinc finger), in the spermatid chromatin.
I ntroduction

The nucleoprotamine complex of mammalian sperm contains either
protamine 1 (P1) or P1 and protamine 2 (P2). Both protamines contain
multiple cysteines, but unlike P1, P2 is histidine-rich (1). Although the
importance of zinc for stabilizing the sperm chromatin is recognized, its
precise role(s) in sperm viability and male fertility is unknown (2-6). It has
been demonstrated that isolated human P2 binds zinc in vitro, and while no
structural domain was identified experimentally, both groups proposed a
zinc finger domain in human P2, but with different zinc coordination site(s)
(7,8). An attempt to localize the zinc binding site(s) of P2 using partia
sequences of human P2 did not resolve the contradictory models, but
provided the first evidence that zinc binds to P2 before the zinc-P2 complex
binds DNA (9). Furthermore, in another in vitro study using optical trapping
and areal time analysis of DNA condensation induced by nuclear proteins
binding to single DNA molecules, zinc facilitated DNA condensation by P2
3-fold (10). These exciting results suggest one role of zinc in mammalian

sperm chromatin may be to modulate the rate of P2 binding to DNA,
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thereby directly impacting the rate of DNA condensation.

To gain insight into how P2 interacts with zinc in vivo, we quantitated
P2 and zinc in individual mammalian sperm using Particle Induced X-ray
Emission (PIXE) spectroscopy. For those species with P2 packaging sperm
DNA, equimolar amounts of zinc and protamine 2 are present in the nuclei
(11). Chinchilla sperm were found to be an exception, containing only
enough zinc to yield a stoichiometry of one zinc atom per two P2 molecules.
While the PIXE data did not substantiate whether zinc is actually bound to
P2 in vivo, the results provided evidence that there is enough zinc in the
sperm nuclei to interact stoichiometrically with P2.

Currently, the zinc coordination site of P2 in vivo remains
unidentified. Structural data have been inconclusive dueto the insolubility
of the protamine/DNA complex. Also, the current methods for extracting
protamines from DNA in sperm utilize reducing agents and denaturants,
conditions not conducive for protamine 2 to retain zinc. Zinc isabundant in
mature sperm, and this high concentration of zinc has been proposed to
result from zinc uptake at gaculation from the zinc-rich prostatic fluid (3,5).
However, the presence of zinc in the developing spermatids has not been
examined. To thisend, we quantitated zinc and protamine 2 in large and

small individual spermatids from hamster testes using PIXE. Thelarge
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spermatids are a sonication-resistant fraction of cells, representing the
earliest stages of spermatids we can isolate with only protamines bound to
DNA. Since the spermatids decrease in size as the protamines condense the
chromatin, we could exploit differencesin the size of the spermatidsto
discern whether zinc was present in the initial stages of protamine 2
deposition onto sperm DNA. Using X-ray Absorption Near Edge Structure
(XANES) and Extended X-ray Absorption Fine Structure spectroscopy
(EXAFS), we aso examined the structure of the zinc coordination site in
native P2 bound to DNA in spermatids and sperm. The data from the
EXAFS experiments identified the ligands and coordination distance of the
ligands to zinc in Syrian hamster P2 and its precursor in spermatids i sol ated
from the testes and fully processed P2 in epididymal sperm. The results
from this study demonstrate that zinc is present and must be bound to the
protamine 2 precursor in spermatids, and that it remains bound to the
protamine 2 precursor asit is processed during spermiogenesis. Based on
thisinformation, we propose the stabilization of sperm chromatin by zincis
due to zinc creating a structural domain in P2 that facilitates protamine
binding to DNA, inducing toroida formation and the subsequent

condensation of the chromatin.
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Materials & Methods

All chemicals were purchased from Sigma Chemical Company (St.
Louis, MO) unless otherwise noted. All buffers were screened by PIXE to
ensure purity from contaminating metals. All preparative steps were carried
out in metal-free conditions (nitric acid cleaned containers and Teflon
sonicator tip and metal-free reagents) to prevent contamination.

Syrian hamster (Mesocricetus auratus) testes and epididymides from
adult males (retired breeders) were purchased from Simonsen Laboratory
(Gilroy, CA).

Spermatid/Sperm | solation for PI XE. Fat and membranes were

removed from 1 hamster testis. To prepare sonication resistant spermatids,
the teased testicular tissue was resuspended in 5ml ddH20 and the
spermatids were filtered through silk to remove cell debris. From the
filtered sample, 500pl of spermatidsin ddH20 were gently sonicated using a
Teflon tip and microfuged at 8000rpm for 3 minutes. To wash the
spermatids, the supernatant was removed, 500ul ddH20 added, the sample
was sonicated and microfuged. The wash was repeated 3 times. After the
last resuspension in 500ul ddH20, 100ul was dropped on nylon foils, the

excess liquid wicked off, and individual spermatids were analyzed by PIXE.
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For sperm, the procedure was the same as for spermatids except
0.15M ammonium acetate (ultra-pure, metal-free) was used to tease apart the
epididymis and to wash the sperm cells. Sperm from the caput was diluted
10-fold and sperm from the cauda was diluted 20-fold prior to mounting
onto nylon foils for PIXE analyses.

PIXE Analysis. PIXE analysis using the nuclear microprobe at

LLNL has been previously described (12). In brief, PIXE dataof individual
spermatid and sperm nuclel were obtained using incident 3 MeV proton
beams with beam currents of up to 1.5nA focused down to spot sizes of 3um
scanned over areas of 20 x 19 um?. Each irradiated area contained the head
from a single sperm of normal morphology and size. Background levels of
phosphorus, sulfur, and zinc on the nylon foils were typically below
minimum detectable limits of 5ng/cm?’ for each sample. The details of data
anaysis have been described (11,12).

I solation of Hamster sperm cellsfor EXAES. Epididymal sperm

were obtained from mature hamsters as described above (13,14). The sperm
were sonicated in Tris-saline, pH 8.0, and the samples placed on ice and
sonicated again. This step was repeated 3 times to ensure the tails were
removed from the sperm heads. The suspension was centrifuged at 4000Xg

for 5 minutes. The sonication and centrifuge steps were repeated 4 times.
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After the last centrifugation, the pellet was resuspended in either: (1) 10ml
Tris-saline by sonication, and 2ml of suspension was applied to a 10ml 1M
sucrose solution (in 10mM Tris-HCI, pH 8.0) and centrifuged at 2500g for 5
minutes; or (2) incubated in 3-mercaptoethanol for 15 minutes on ice
followed by extraction of membrane proteinsby MTAB (13). The sperm
heads were pelleted by centrifugation at 5000rpm for 3 minutes at 4°C and
the contaminating tails were carefully aspirated off. The sucrose purification
was repeated 3 times. The pelleted sperm heads were pooled, washed twice
with Tris-saline, pH 8.0, twice with double-deionized water (metal-free) and
resuspended in 100 ul double deionized water for analysis by XAS.

XAS data collection and analysis. Suspensions of isolated tris/saline

(T/S) and MTAB-treated mature hamster sperm cells and spermatidsin
double deionized water were centrifuged at 14,000 g for 10 minutes to form
apellet of cells. The supernatant was removed, and the cellswere
transferred to a Lucite cuvette with a 40pm Kapton window and frozen in
liquid nitrogen.

Zinc XAS data were collected for two independently prepared
samples of the T/S and MTAB-treated mature sperm and one sample of the
T/S spermatids at Stanford Synchrotron Radiation Laboratory (SSRL) on

beamline 7-3, under dedicated conditions (3.0 GeV, 55-100 mA), using a
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Si(220) double-crystal monochromator detuned to 50% of the maximum
intensity for harmonic rejection. EXAFS measurements were also made on
two independently isolated samples of MTAB-treated mature sperm cells,
T/S spermatids, and MTAB-treated spermatids at SSRL on beamline 9-3
using a Si(220) double crystal monochromator under dedicated conditions
(3.0 GeV, 55-100 mA). The monochromator was operated fully tuned, and a
rhodium coated upstream mirror was used for harmonic rejection. Samples
were held a 10 K throughout the measurements in an Oxford Instruments
liquid helium flow cryostat. X-ray energiesin the individual scans were
calibrated by simultaneous measurement of the absorption spectrum of a
zinc fail, with the first inflection point of the foil assigned to be 9659 eV.
The spectrawere measured using 10 eV steps through the pre-edge region,
0.30 eV steps through the edge region, and 0.05k A™ steps through the
EXAFS region with integration times of 1 s, 1 s, and k® weighted times from
1-20 s, respectively, giving atotal scan time of ~30 min/scan. Datawere
collected as fluorescence excitation spectra using a 13-element Ge solid-
state detector array on beamline 7-3 and a 30-element Ge solid-state detector
array on beamline 9-3. The total count rates for each channel in the detector
array and the windowed Zn Ko count rates in the EXAFS region are given

in Table 1. All of the channels from each scan were examined for the



Sample Beamline | ZnKa |ICR #FF # Scans

Channels

per scan
T/S Sperm (A) 7-3 3600 | 50000 8 8
T/S Sperm (B) 7-3 10500 | 90000 11 5
MTAB Sperm (A) 7-3 9000 | 60000 11 6
MTAB Sperm (B) 7-3 12000 | 80000 11 8
MTAB Sperm (C) 9-3 15000 | 55000 24 4
MTAB Sperm (D) 9-3 16000 | 52000 26 4
T/S Spermatids (A) 7-3 5800 | 65000 11 6
T/S Spermatids (B) 9-3 17000 | 48000 18 4
T/S Spermatids (C) 9-3 17000 | 48000 14 2
MTAB Spermatids (A) 9-3 24000 | 78000 16 6
MTAB Spermatids (B) 9-3 13000 | 71000 16 5

Table 1. EXAFS data collection parameters.
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presence of glitches, and the good channels (Table 1) were then averaged for
each sample to give the fina spectrum. Based on the number of channels
used and the measured Zn Ka. count rates at k =13A™, approximately 0.6-2.6
x 10° useful counts were collected per scan on beamline 7-3 and 1.7-10.5 x
10° on beamline 9-3. The number of scans averaged for each sampleis
givenin Table 1.

X-ray absorption near edge structure (XANEYS) data normalization
and the EXAFS data reduction followed procedures described previously
(15). EXAFS data reduction was accomplished by first removing the
background using afirst-order polynomial in the pre-edge region and a two-
region cubic spline above the edge, followed by normalization to a

Victoreen function (16). The datawere converted to k-space, where k=
[(2md/7%) (E-Eo)]Y2, with the threshold energy, Eo, defined as 9675 eV. The
EXAFS data were Fourier transformed over arange of 2-12.3 A™ and then

backtransformed over the range R=0.8-2.6 A. Both thisfiltered data and the

raw datawere fit to eq. 1 with anonlinear |east-squares algorithm.

N; S (k)A (k)

(K= R exp(-2k*o) sin(2kR + ¢ (K)) @)

Ineq. 1, x(K) isthe fractional modulation in the absorption S(k) is
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coefficient above the edge, N; isthe number of scatterers at adistance R, a
scale factor unique to the absorber-scatterer pair, A(K) isthe effective
backscattering amplitude, % isthe mean-square deviationin R, and ¢ isthe
phase-shift experienced by the photoel ectron wave as it passes through the
potentials of the absorbing and scattering atoms. The sum is taken over all
scattering interactions.

Theoretical EXAFS amplitudes, A(k) and phase functions, #(k), were
calculated using FEFF 6.01 (17,18). The experimental data were fit using
single scattering parameters calculated for Zn-N and Zn-S with bond lengths
of 2.05 A and 2.35 A, respectively. The scale factor, S=0.85 for O and
S=1.02 for S, and the threshold energy, E;=9.0 eV, were calibrated by fitting
EXAFS datafor structurally characterized Zn model complexes (19). Rand
o were varied while holding the coordination number fixed at reasonable
integer values (20).

Results and Discussion

The sperm head is a simple structure with relatively few components.
Treatment of fertile mammalian sperm with a disulfide reducing agent and
detergent to dissolve the tails, acrosome, and membranes yields intact
chromatin that maintain the species-specific shape of the sperm head

(21,22). Thetransition proteins are extracted in this process without



77

removing protamines (22). Additionaly, thereis no significant differencein
zinc, phosphorus, and sulfur contents between intact mouse sperm heads and
amembraneous nuclei from mouse sperm (22). Hamster spermatids and
sperm were selected for our zinc structural analyses because protamines
comprise more than 95% of the nuclear proteinsin rodent sperm while
approximately 15% of total nuclear proteins in human sperm are histones
(22-25). As histone-containing nucleosomes typically represent
transcriptionally active regionsin sperm, the zinc fingers of transcription
factors bound to these regions of DNA might be expected to contribute to
the zinc signal in EXAFS, interfering with the metal analyses of protamines.
Human sperm are aso highly heterogeneous; therefore, anayses of pooled
human sperm would be expected to provide mixed absorption spectra that
would be extremely difficult to interpret. In contrast, the amembraneous
nuclel from hamster sperm is composed primarily of DNA and protamines,
66% P1 and 34% P2 (fully processed), and only P2 binds zinc, thereby
providing an ideal system for analyses by PIXE and XAS.

Our datafrom previous PIXE anayses of individual hamster sperm
and isolated protamines revealed that zinc and P2 were present in equal
amounts and that the zinc was bound to protamine (11). However, dueto

theinability to separate protamines 1 and 2 while retaining zinc bound to
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protamine 2, we could only infer that zinc was associated with protamine 2.
To confirm the zinc was bound to P2 as we expected, and to identify the zinc
coordination site in P2, we analyzed sperm heads by XAS. Unlike PIXE,
the amount of zinc in the sperm cell is below the detection limit for zinc
using single cell analysis; therefore, bulk analysis was used for the XAS
analysis, requiring purification of sperm heads fromtails.

It has been demonstrated that removing tails from mature sperm, but
not spermatids, requires treatment with reducing agents and detergent yet
exposure to these chemicals could affect metal binding by disrupting protein
structure. To address this possibility, we compared two methods of
purifying sperm heads. First, tails were mechanically removed from sperm
heads by repeated sonication in tris-saline buffer (T/S). Second, the sperm
was sonicated in tris-saline buffer and the tails chemically removed by
treatment with B-mercaptoethanol (BME) and mixed alkyl
trimethylammonium bromide (MTAB-treated). All sampleswere rinsed
with tris-saline then sedimented by sucrose purification to remove the tails
remaining after tris-saline washes. The sperm heads were microscopically
examined for purity before analyses by XAS.

Figures 1 and 2 show the XANES and Fourier transforms of the zinc

EXAFS datafor intact T/S and MTAB-treated mature sperm cells. The
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XANES spectrafor the MTAB-treated sperm samples show a small shift to
lower energy and adecrease in the intensity of the feature at ~9669 eV
compared with that for the T/S sperm. The differences between the samples
are more dramatic in the Fourier transforms. There are 2 peaks of similar
amplitude in the T/S spectrum. These become unresolvable, and thereisa
significant increase in amplitude and shift to longer distance following
MTAB treatment. These changes are consistent with the replacement of
low-Z ligands by higher-Z ligands in the MTAB-treated sperm cells. These
changes are verified in the EXAFS fits (Table 2). Both samples have bond
distances consistent with 4-coordinate zinc sites (26,27); however, the T/S
sperm samples are best modeled as 1S at 2.31 A and 3N at 2.00 A, while the
MTAB-treated cells are best fit as 3S at 2.33 A and 1(N/O) at 2.08 A.
Further analyses of the sample preparation revealed that exposing the sperm
heads to disulfide reductants changed the ligands binding zinc in P2 by
liberating athiol group, which is normally sequestered in a disulfide bond, to
compete for zinc binding.

(Authors note: To address minor inconsistencies in the data we
obtained from the T/S sperm, we are in the process of analyzing single
sperm cells by infrared (IR) analysisin collaboration with Dr. Hoi-Ying

Holman from U.C. Berkeley at the Advanced Light Source facility. The



Sample Ligand | Ra (A) %10° F
(A%
T/S Sperm #1 4S 2.28 12.8 0.111
3S 2.30 8.6 0.051
IN 1.99 0
2S 2.31 5.1 0.032
2N 2.00 23
1S 2.32 1.0 0.024
3N 2.02 4.2
AN 2.05 8.9 0.167
T/S Sperm #2 45 2.27 13.9 0.108
3S 2.29 10.2 0.061
IN 1.99 05
2S 2.30 71 0.041
2N 2.00 3.3
1S 2.31 2.7 0.032
3N 2.01 4.9
AN 2.04 85 0.122
T/S Sperm #3 4S 2.25 16.1 0.185
3S 2.24 13.4 0.229
IN 2.45 1.1
2S 2.29 95 0.063
2N 1.98 13
1S 2.30 42 0.044
3N 1.99 2.9
AN 2.01 6.3 0.069
MTAB-Treated Sperm #1 4S 2.33 46 0.016
3S 2.33 2.8 0.009
IN 2.08 6.3
2S 2.33 0.6 0.020
2N 2.09 42
1S 2.34 0 0.157
3N 2.14 3.4
MTAB-Treated Sperm #2 4S 2.33 4.4 0.012
3S 2.33 2.7 0.010
IN 2.09 5.4
2S 2.34 05 0.029
2N 2.10 3.7
1S 2.34 0 0.181
3N 2.14 2.9

Table 2. Representative EXAFS fitting results for hamster sperm.

Best-fit data denoted in bold.
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variability we observed in these samples can be attributed to either
impurities in the sample preparation [i.e. zinc-containing proteins from the
tail fragments that sediment with the sperm heads during centrifugation]
ordegradation of the sample from the heat generated by excessive sonication.
Single cell analysis by IR should alow usto obtain zinc coordination data
from the heads only.)

It has been proposed that zinc is secreted into the seminal fluid by the
prostate (3,5). To discern whether zinc was present prior to deposition of
protamine 2 onto sperm DNA, we quantitated zinc and protamine 2 in large
and small individual spermatids from hamster testesusing PIXE. Thelarge
spermatids contain protamine 2 precursors and as the precursors bind to
DNA and are processed, the chromatin compacts, concomitant with the
spermatid nucleus condensing. Thus the majority of nuclear protein in the
small spermatidsis protamine. The majority of the protamine 2 is present in
the processed form. Our zinc, protamine and DNA data from the PIXE
anaysis of large and small spermatids are shown in Table 3. The atom
ratios of zinc to protamine 2 is 1:1 in the heads of both large and small
spermatids, supporting the presence of zinc in the testes within spermatids
long before exposure to the seminal fluid from the prostate.

The purpose of the next set of experiments was to determine whether



Large |o Small o

DNA (pg) 3.4 0.1 3.3 0.1
Zinc (10" mol) 018 004 [0.16 [0.04
rotamine (pg) 3.6 0.3 3.1 0.2
Er otaming/DNA  |0.86 |0.06 |0.86 [0.06
Prot 2(10°mol) [0.160 |0.010 [0.140 |0.010
Zinc/Prot 2ratio 1.0 0.2 1.0 0.3

Table 3. Vaues are derived from analysis of 9 large spermatid
heads and 9 small spermatid heads from one animal. Vauesare
expressed as amean * standard deviation of measurements from
18 heads.
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zinc was bound to the P2 precursor and, if so, whether coordination was the
same as in the mature, processed P2 in sperm. Sonication-resistant |ate-step
spermatids (stages 16-19) were prepared for EXAFS as previoudy described
for sperm. Late-step spermatids achieve sonication resistance once the
protamines are deposited on DNA. Small amounts of TP2 are present in
these spermatids, but TP2 is extracted from the cell by MTAB. TP2 has
been proposed to contain 3 zinc finger motifs, therefore, presence of TP2
would contribute to the signal (28).

In contrast to the differences observed in the mature sperm cells, the
T/S and MTAB-treated spermatids have quite ssimilar XANES spectra
(Figure 3). The Fourier transforms of the EXAFS data for both samples
show a single peak with an unresolvable low-R shoulder, athough the
Fourier transforms for the T/S treated spermatids have a dlightly smaller
main peak amplitude which could be interpreted as a decrease in the number
of scatterersat R + oo = 1.9 A or anincrease in the disorder of the zinc site of
the T/S spermatids (Figure 4). Analysis of the EXAFS fitting results show
that both T/S and MTAB-treated spermatids have bond distances consistent
with tetrahedral zinc model complexes (27) (Table 4). Both T/Sand
MTAB-treated spermatids are best modeled as 3S + 1(N/O), but the Zn-S

Debye-Waller factor for the T/S sample is somewhat higher than that in the
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Sample Ligand | Rap (R) | 6%10° | F
(A%
T/S Spermatids #1 4S 2.32 6.3 0.021
3S 2.32 4.2 0.009
IN 2.05 54
2S 2.33 1.9 0.014
2N 2.07 54
1S 2.33 0 0.090
3N 2.10 5.8
T/S Spermatids #2 4S 2.32 6.8 0.027
3S 2.32 4.3 0.012
IN 2.03 3.0
2S 2.33 2.0 0.011
2N 2.06 4.6
1S 2.33 0 0.063
3N 2.09 6.0
MTAB-Treated Spermatids #1 4S 2.33 52 0.014
3S 2.33 3.3 0.011
IN 2.07 52
2S 2.34 1.1 0.028
2N 2.09 4.4
1S 2.34 0 0.141
3N 2.13 4.2
MTAB-Treated Spermatids #2 4S 2.33 52 0.017
3S 2.33 3.1 0.008
IN 2.06 3.9
2S 2.33 0.9 0.018
2N 2.08 3.9
1S 2.34 0 0.133
3N 2.12 4.6

Table 4. Representative EXAFS fitting results for hamster spermatids.

Best-fit data denoted in bold.
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fits of the MTAB-treated samples, suggesting that the decrease observed in
the Fourier transform of the T/S spermatid EXAFS datais due to an increase

in the disorder of the Sligands.
Conclusion

We determined by PIXE that zinc is present and associated with the
chromatin in early spermatid and sperm before exposure to seminal fluid
secreted by the prostate. The mode of zinc binding, identified using
EXAFS, changes during maturation of the spermatid to sperm: as the sperm
transits the epididymis, disulfide bridges form and the coordination of zinc
by protamine 2 switches from 3S+ 1 N/O to 1S + 3 N/O. Thisobservation
can be experimentally validated by the addition of reducing agents to the
sperm cells. Due to the extended conformation of protamines to bind DNA
(22), we proposed that zinc binds to the N-terminus of protamine 2 to
stabilize a dimerization site and to facilitate and organize binding of
protamine 2 onto DNA and the subsequent condensation of the sperm
chromatin (Figure 5).

The biological relevance of elucidating the structure of the zinc
coordination site of P2 is demonstrated by numerous clinical experiments
that have correlated reduced levels of P2 with infertility (29-34). Similar

studies comparing human protamines isolated from fertile and infertile males
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should provide insight to the structure of the zinc-binding domain of P2.
Mutations within the zinc-binding domain of P2 would affect zinc binding,
atering the structure of P2 and reducing the affinity of P2 for DNA. These
changes could prevent incorporation of P2 into the sperm chromatin thereby
inhibiting DNA condensation by P2. Thiswould explain the positive

correlation observed between fertility and the levels of zinc and protamine 2.
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CHAPTER THREE

Characterization of an Atypical Protamine2 | solated from

Chinchilla Sperm

Abstract

Both protamines 1 (P1) and 2 (P2) package DNA in chinchilla
(Chinchillalaniger) sperm. The amino acid compositions, the amino-
terminal sequences of the two protamines, and the DNA sequences of P1 and
P2 genes demonstrate the sequence conservation of chinchillaP1 compared
with P1 present in the sperm of other mammals. Conversely, chinchilla P2
Isan anomaly. P2 isolated from the sperm of other rodent and primate
species are histidine-rich (13-21%) and contain one zinc atom per molecule
of protamine 2 (1,2) whereas chinchilla P2 contains 5% histidine and binds
half the amount of zinc. Computer modeling using the data from the P2
gene sequence and X-ray Absorption Spectroscopy (XAS) of sperm heads
reveal that the zinc-binding site of chinchilla P2 must be radically different
from that of other protamine 2 molecules. The unusual zinc-P2
stoichiometry, the amino acid sequence of chinchilla P2, and the EXAFS

data obtained for the zinc coordination by P2 in chinchilla sperm, suggest
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that the zinc atom may be tetrahedrally coordinated to symmetric pairs of
amino-termina histidine residues, and that this coordination may facilitate
the clustering of P2 molecules as dimers when the proteins bind to DNA in

sperm chromatin.
I ntroduction

The predominant chromatin proteins that package DNA in the sperm
of eutherian mammals are either protamine 1 or a species-specific
combination of protamine 1 and protamine 2. Protamine 1 contains 5% or
less histidine whereas protamine 2 molecules isolated from various species
of rodents and primates are extremely rich in histidine (13-21%) (1,3-13).

The amount of protamine 2 in sperm chromatin varies widely among
mammalian species, from 0% in sperm of the ungulates, bull and boar, up to
80% in the sperm of some species of primates (14,15). The stringent
regulation of protamine expression in mammalian sperm is apparently vital
for malefertility. Several studies have reported that aberrant protamine
ratios or absence of protamine 2 correlates with infertility in human males
(16-19). Clinical studies have demonstrated that protamine-deficient sperm
contain DNA that is not properly condensed and is often damaged (20-28).
These observations, which have been derived primarily from analyses of

human sperm, have been substantiated experimentally by studies using
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transgenic mice with reduced amounts of either P1 or P2. The sperm
produced by these mice exhibited incomplete chromatin assembly, loss of
nuclear DNA integrity and were incapable of producing viable offspring
(29). Thus, accumulated evidence supports the idea that perturbations in the
precise species-designated proportion of P1 and P2 in mammalian sperm can
disrupt the packaging and organization of chromatin structure, increasing the
susceptibility of the sperm cell to DNA damage, thereby causing defective
sperm function and infertility.

In our earlier study using Proton Induced X-ray Emission (PIXE) to
guantitate zinc and protamine 2 in the sperm heads from six mammalian
species, we discovered that the zinc content varies proportionately with the
amount of protamine 2 present in sperm chromatin (2). An exception was
chinchilla chromatin, which contained half the amount of zinc expected
based on its protamine 2 content (2). These intriguing results suggested that
the amino acid sequence and zinc-binding domain of chinchilla protamine 2
might be unique when compared with other protamine 2 molecules studied
to date.

To verify this hypothesis, we isolated the basic nuclear proteins from
chinchilla sperm, purified protamines 1 and 2, and partially characterized the

protamines by amino acid analysis and amino-terminal sequencing.
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Complete putative amino acid sequences were subsequently obtained by
sequencing the P1 and P2 genes. The zinc coordination site for P2 was aso
anayzed in chinchilla sperm heads using XAS. The sequencing and XAS
datareveaed that the protamine 2 present in chinchilla sperm has features
distinctive from the protamine 2 molecules previoudy isolated and
characterized from rodents and primates. The results of these experiments
have led to the development of a model that appears to explain the structure
of this atypical protamine 2 isolated from chinchilla sperm. In this chapter,
we describe these studies, the model, and discuss the unique role protamine
2 appearsto have as a DNA packaging protein in mammalian sperm.

Materials & Methods

Protamine | solation. Sperm were obtained from the cauda

epididymides of mature chinchillas (L. Johnson, Beltsville Agricultural
Research Center, U.S.D.A., Beltsville, MD) as described previoudy for the
mouse (30). The basic nuclear proteins were isolated as described
previoudy (8).

Gel Electrophoresis and Protamine Quantification by

Microdensitometry. The basic nuclear proteinsisolated from chinchilla

sperm were separated by gel electrophoresis and the relative proportion of

the two protamines was determined as previously described for hamster (8).
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High-Performance Liquid Chromatography. The sperm basic nuclear

proteins were reduced with 10mg dithiothreitol per milligram of protamine
in 6M guanidine hydrochloride (GuCl), 0.01M Tris-HCI pH 8, 0.25M
ethylenediaminetetraacetic acid (EDTA) for aminimum of 16 hours at 20°C
and dialyzed against 2 liters of 10mM HCI one hour prior to
chromatography. The proteins were separated by HPLC on a Nucleosil RP-
C18 column (7.5mm x 300mm) using an acetonitrile gradient (buffer A =
agueous 0.1% TFA; buffer B = 30% acetonitrile, 0.1% TFA): 40% to 65%
Buffer B over 10 minutes, 65% for 20 minutes, 65% to 75% Buffer B in 0.1
minute. Protein elution was monitored at 214 nm.

Western Blotting and | mmunostaining. The sperm basic nuclear

proteins were separated on acid-urea gels as previously described (31). The
proteins were e ectroblotted onto |mmobilon membranes (Millipore
Corporation, Burlington, MA) in 0.0009N acetic acid at 50V for 15 minutes.
The membranes were air-dried and probed with P1- and P2-specific
antibodies as previously described (9,32).

Immunograms. Eighty HPLC fractions (1 ml) were collected across

the chromatogram and lyophilized. The protein was dissolved in 200pl
distilled water and used as the antigen in an ELISA. The entire sample was

applied to a 96-well round-bottom microtiter plate (Nunc Inc., Naperville,
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IL), diluted 2-fold across the plate, and alowed to air dry. The plates were
blocked in 10mM phosphate buffer (pH 9.5), containing 3% ovalbumin and
10pg/ml calf-thymus DNA for one hour, probed with either with a
monoclona antibody specific for protamine 1 (HUP1N) or protamine 2
(HuP2B) by adding 100ul of mAb (1:500) to each microtiter well for one
hour at 37°C, then washed with agueous 0.05% Tween-20 and incubated
with a peroxidase-conjugated anti-mouse immunoglobulin (1:200 dilution)
(Sigma Chemicals, St. Louis, MO) for one hour at 37°C. The plates were
washed as described above and the amount of mAb bound to the wells was
detected using 2,2 azino-di-3-ethylbenzthiazoline sulfonic acid (ABTS) as
the substrate.

Amino Acid Analysisand Amino-Terminal Sequencing. The

cysteine residues of the HPL C-purified proteins were carboxymethylated by
reaction with sodium iodoacetate as described previously for bull protamine
(33). The modified proteins were hydrolyzed in 6N HCI for 22 hours at
105°C, lyophilized, and submitted for amino acid composition on a
Beckman 6300 analyzer (Protein Structure Laboratory, University of
Cdlifornia, Davis, CA). Unmodified samples of the proteins were pretreated
with 4-vinylpyridine to modify the cysteine residues and then sequenced

using an Applied Biosystems 470A sequencer.



103

PCR Amplification and DNA Seguencing. Genomic DNA was

isolated from Chinchillatestes using a PureGene kit as per manufacturer’s
instructions (Gentra, Research Triangle Park, NC). The P1/P2 gene cluster
was PCR-amplified using an Elongase kit (Gibco BRL Products, Grand
Island, NY), primer pair 5 -CAGGTGTGCCCTCTGTTCTGAG-3 and 5'-
TTGGCTTGGGCAGGTGACTTC-3', 100 nanograms genomic DNA as
template, and the following program: 94°C for 2 minutes; 5 cycles of 94°C
for 1.5 minutes and 68°C for 6 minutes; 29 cycles of 94°C for 1 minute,
63°C for 1.5 minutes, and 68°C for 5 minutes; and afina incubation at 72°C
for 10 minutes. A single product of 3kb was amplified. Individual P1 and
P2 genes were then amplified as a second reaction using the P1/P2 PCR
amplicon as template and an Elongase kit (Gibco BRL Products, Grand
Island, NY). The P1 gene was amplified using the primers 5’ -
CAGGTGTGCCCTCTGTTCTGAG-3 and 5'-
CCCGAATTCCTTAGCACGCTCCTGTT-3'. The P2 gene was amplified
using primers 5'-TCTTCATCCCATCCAGGTCAG-3' and 5'-
TTGGCTTGGGCAGGTGACTTC-3'. Both geneswere amplified using the
following program: 94°C for 2 minutes, 5 cycles at 94°C for 1 minute, 68°C

for 2 minutes, and 25 cycles at 94°C for 45 seconds, 65°C for 45 seconds,

and 68°C for one minute followed by 68°C for 3 minutes.
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| solation of Chinchilla Sperm Heads. Sperm were obtained from
the cauda epididymides of mature chinchillas (L. Johnson, Beltsville
Agricultural Research Center, U.S.D.A., Beltsville, MD) as described
previoudy for the mouse (30). The sperm were maintained at 4°C and
sonicated in Tris-saline (pH 8.0) 3 times to remove tails from the heads. The
suspension was centrifuged at 4000Xg for 5 minutes. The sonication and
centrifuge steps were repeated four times. The pellet was resuspended in
10ml Tris-saline by sonication, and 2ml of suspension was applied to 10ml
solution of 1M sucrose/10mM Tris-HCI, pH 8.0 (for atotal of 10 samples)
and centrifuged at 25009 for 5 minutes. The sperm heads were pelleted and
the contaminating tails remaining in suspension were carefully aspirated off.
The sucrose purification step was repeated three times. The pelleted sperm
heads were pooled, washed twice with Tris-saline, pH 8.0, twice with double
deionized water (metal-free) and resuspended in 100ul double deionized
water for analysisby XAS.

X-ray Absorption Spectra Data Collection and Analysis A

suspension of isolated chinchilla sperm heads was centrifuged at 14,0009 for
10 minutesto form a pellet of cells. The supernatant was removed, and the
cellswere transferred to a Lucite cuvette witha40 m Kapton window and

frozen in liquid nitrogen.



105

Extended X-ray Absorption Fine Structure (EXAFS) measurements
were made on two independently isolated samples of intact chinchilla sperm
cells at Stanford Synchrotron Radiation Laboratory on beam-line 9-3 using a
Si(220) double crysta monochromator under standard conditions (3.0 GeV,
100 mA). The monochromator was operated fully tuned, and arhodium
coated upstream mirror was used for harmonic rejection. Samples were held
at 10 K throughout the measurements in an Oxford Instruments liquid
helium flow cryostat. X-ray energiesin the individual scans were calibrated
by simultaneous measurement of the absorption spectrum of a zinc foil, with
the first inflection point of the foil assigned to be 9659 eV. The spectrawere
measured using 10 eV steps through the pre-edge region, 0.30 eV steps
through the edge region, and 0.05k A™ steps through the EXAFS region with
integration times of 1 s, 1 s, and k® weighted times from 1-20 s, respectively,
giving atotal scan time of ~30 min/scan. Data were collected as
fluorescence excitation spectra using a 30-element Ge solid-state detector
array. Thetotal incident count rates for each channel were held below 75
KHz to avoid saturation. This gave windowed Zn K count rates of 7-9
KHz in the EXAFS region, giving approximately 5x10° useful counts per
scan at k=13 A™. All of the channelsin each scan were examined

individually for the presence of glitches. For each sample, the good
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channels were then averaged (23 channels per scan) to give the final
spectrum. Five scans were averaged for each of the chinchilla sperm
samples.

EXAFS data reduction was accomplished by first removing the
background using afirst-order polynomial in the pre-edge region and a two-
region cubic spline above the edge, followed by normalization to a
Victoreen function (34). The datawere converted to k-space, where
k=[(2my/#%)(E-Eg)]Y2, with the threshold energy, E,, defined as 9675 eV.
The EXAFS data were Fourier transformed over arange of 2-12.3 A™ and
then back transformed over the range R=0.8-2.6 A. Both thisfiltered data
and the raw data werefit to eqg. 1 with anonlinear |east-squares algorithm.

Ineg. 1, (k) isthefractiona modulation in the absorption coefficient
above the edge, N; isthe number of scatterers at adistance R, S(k) isascale
factor unique to the absorber-scatterer pair, A(K) isthe effective
backscattering amplitude, % isthe mean-square deviationinR,and ;is
the phase-shift experienced by the photoel ectron wave as it passes through
the potentials of the absorbing and scattering atoms. The sum is taken over
all scattering interactions.

Theoretica EXAFS amplitudes (Ai(k)) and phase functions ( (k))

were calculated using FEFF 6.01 (35,36). The experimental datawere fit
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using single scattering parameters calculated for Zn-O and Zn-N with bond
lengths of 2.00 A and 2.05 A, respectively. The scale factors used were
S=0.9 for O and S=0.85 for N, and the threshold energy was fixed at E;=9.0
eV. For N, these values were calibrated by fitting EXAFS data for
structurally characterized Zn model complexes (37). Rand were varied

while holding the coordination number fixed at four or five.
Results

The predominant sperm basic nuclear proteinsisolated from the cauda
epididymides of mature chinchillas resolved into two maor bands upon
electrophoresisin acid-ureagels (Figure 1). In contrast to the two
protamines from mouse and hamster sperm, the two chinchilla protamines
separate upon electrophoresis without aminoethylation of the cysteine
residues. Thisindicates that the two chinchilla protamines have different
molecular weights and charge densities.

The isolated chinchilla protamines were fractionated by
chromatography on areverse-phase C18 column using a multi-step
acetonitrile gradient and the ion—pairing agent trifluoroacetic acid (Figure 2).
Three peaks were resolved. The retention time of the first protein eluting

from the column was characteristic of protamine 2, but the histidine content
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of this protein was much lower than we have observed for other protamine 2

molecules (1). The protein in peak 2 elutes at an acetonitrile concentration
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FHguel Protamines land2isolaedfrom(A)chinchilla
soarm sparaein add-ureagd swithout aminoghylaion
ofthe cysteine residues whileprotamines 1and2isolated
from (B) Syrian hamgter soermrequire modification by
ethylenimineto sepaaeinto 2 bands.
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characteristic of protamine 1. Electrophoretic anayses of the proteins
eluting from the column as peaks 1 and 2 are consistent with that of
protamine 2 and protamine 1, respectively (38,39). Thefina eluate from the
column (peak 3) isresolved by electrophoresisinto severa bands with
substantial slower mobilities than the proteins eluting in the first two peaks
(Figure 2). The electrophoretic pattern, gel mobility, and the elution time
from the HPLC